assumes pure specular reflection of the impinging photons. The solar sail acceleration vector then acts perpendicular to the solar sail surface. While this allows for quick and straightforward analyses, the sail performance will be overestimated. More realistic sail force models exist, such as the optical force model [7] and parametric force model [8] . These take into account non-ideal properties of the sail that generate a sail acceleration component tangential to the sail's surface. Even better, through a detailed structural analysis, realistic Sunjammer sail performance data have been obtained and provided by L'Garde Inc.. This paper therefore conducts the Sunjammer mission analysis both for an ideal Sunjammer sail performance as well as using the real Sunjammer sail data. A comparison between the results of the different sail models will then clearly show the impact of ideal performance assumptions and non-ideal solar sail properties on the mission design.
The paper is structured as follows. First, some background information on the Sunjammer mission is provided in Section II. Section III will subsequently describe the two solar sail models, i.e. the ideal sail model and the real sail model, while Section IV will present the dynamics of the solar sail in the Sun-Earth three-body system. The ideal solar sail force model and dynamics are subsequently used in Section V to find artificial equilibria and solar sail Halo orbits attainable by Sunjammer. The results from that analysis are used in Sections VI and VII to design optimal fly-out trajectories and optimal extended mission concepts. Finally, the paper ends with the conclusions.
American Institute of Aeronautics and Astronautics

3
II. Sunjammer
The Sunjammer mission is led by industry manufacturer L'Garde Inc. of Tustin, California, and includes participation by the National Oceanic and Atmospheric Administration (NOAA). Its aim is to demonstrate the propellantless propulsion potential of solar sails and to boost the Technology Readiness Level (TRL) of the L'Garde solar sail from ~6 to ~9. It will build on successful ground-deployment experiments led by L'Garde in [2004] [2005] and the successful in-space deployment of the NanoSail-D2 mission in 2011. 5, 6 The Sunjammer solar sail was designed to be 38 x 38 m 2 in size. In prior mass estimates, the Sunjammer sailcraft was about 45 kg and attached to it was a 135 kg disposable support module. The final configuration of the spacecraft bus is still in development. For the purposes of this analysis, the original design is used. It will be launched as a secondary payload and boost to L 1 transfer. Its main objectives are: 1) to demonstrate segmented deployment of a solar sail with ~4 times the area of that vacuum tested in [2005] [2006] ; 2) to demonstrate attitude control plus passive stability and trim using beam-tip vanes; 3) to execute a navigation sequence with mission-capable accuracy; 4) to fly to and maintain position at L 1 (e.g. as space weather warning system) and pole-sitter positions.
The Sunjammer mission timeline is presented in Figure 1 . The mission will start with launch as a secondary payload on a launch vehicle (e.g. Geosynchronous Transfer Orbit (GTO)). Upon separation, Sunjammer will go to sleep and coast through Earth's radiation belts. Upon waking above the belts, Sunjammer will contact the mission operations center and perform an escape burn to target the initial condition for sailing to sub-L 1 . The sail will deploy and the carrier with deployment hardware and the escape engine will be jettisoned to save mass. The sailcraft will then execute calibration maneuvers for several days by slewing over a range of angles with observations of the vane angles and trajectory perturbation. This will characterize the moments and forces on the sail at different attitudes to improve attitude control and navigation performance. Following calibration, the Sunjammer sailcraft will sail out to sub-L 1 as described below. Before capture into the sub-L 1 orbit, Sunjammer will execute recalibration maneuvers to monitor degradation in the sail performance. 
III. Sunjammer Performance
As mentioned in the introduction, this paper considers two different performance models for Sunjammer: an ideal sail model and a real sail model. Details of both models will be provided in the following two subsections.
A. Ideal Sail Model
The ideal solar sail model assumes that the sail is a perfectly reflecting mirror: the incoming solar photons are specularly reflected and the resulting solar radiation pressure (SRP) force acts perpendicular to the sail surface, i.e.
in direction n . The SRP acceleration created by the solar sail can then be written as: [7]   
Equivalently, the lightness number can be defined as the ratio of the solar radiation pressure acceleration and the solar gravitational acceleration. In Section III.B it will be shown that Sunjammer's lightness number equals 0.0363
B. Real Sail Model
In reality, the sail will perform differently from the ideal case as described in the previous section. For example, due to non-specular properties and wrinkles, the SRP force will not act perpendicular to the sail surface. Instead, a tangential component of the force will exist. Through a detailed structural analysis, L'Garde Inc. have estimated the performance of a realistic sail and expressed this performance through a set of non-dimensionalised force and moment coefficients. The coefficients will be updated using data gathered during calibration maneuvers by the sail after deployment.
These coefficients are defined in the 'Sail' coordinate system, see Figure 2a . The origin of this frame coincides with the sail's center of mass; z Sail is directed perpendicular to the sail, x Sail points towards the fore beam tip, and y Sail completes the right handed coordinate system (and therefore points towards the starboard beam tip). [9] Clearly, the performance of the sail (i.e. the direction and magnitude of the solar sail acceleration) depends on the attitude of the 'Sail' coordinate system with respect to the Sun. Therefore, a second frame of reference is introduced, which is referred to as the 'Sun' coordinate system, see Figure 2b (note that Figure 2b also includes a third reference frame 'CR3BP' that will be introduced in Section IV). The 'Sun' coordinate system is defined as:
origin at the sail's center of mass; z Sun points towards the Sun; x Sun lies in the ecliptic plane; and y Sun completes the right handed coordinate system. [9] American Institute of Aeronautics and Astronautics
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The attitude of the 'Sail' frame with respect to the 'Sun' frame is defined through three angles: Top ( ), SunIncidence ('SI' or  ) and FlatSpin ('FS' or  ). Starting from the situation where the 'Sail' and 'Sun' coordinate systems coincide (i.e. the sail faces the Sun perpendicularly and the fore-aft-axis is parallel to the ecliptic plane), the rotations required to change the sail's attitude to a desired attitude are:
-First, a rotation around z Sun over the Top angle,  -Second, a rotation around the newly created y' axis over the SI angle,  -Third, a rotation around the newly created z' axis over the FS angle,  Any vector in the 'Sail' coordinate system, Sail x , can thus be transformed to a vector in the 'Sun' coordinate system, Sun x , through: Although the attitude of the 'Sail' frame with respect to the 'Sun' frame is defined through 3 angles, the actual performance of the sail (which is defined in the 'Sail' frame) is only determined by the SunIncidence and FlatSpin angles. As stated in Reference [9] , the sail may be rotated arbitrarily about the sail-Sun line (i.e. around the z Sun -axis over the Top angle), without changing forces or moments as expressed in the 'Sail' coordinate system. The resulting data set is therefore a matrix providing the non-dimensionalised force coefficients in the 'Sail' coordinate system for Clearly, for SI = FS = 0, the sail produces a force along the z Sail axis only (i.e. along the Sun-sail line). Instead, when keeping FS = 0 and increasing the SunIncidence angle, the force along the Sun-sail line decreases and the force normal to the Sun-sail line increases. 
with m  45 kg the solar sail mass, see Section II. Transforming the performance in Figure 3 into dimensional units results in the polar plot in Figure 4 . Again, the figure demonstrates that for SI = 0, the sail produces a force along the Sun-sail line, while for increasing SI values the force normal to the Sun-sail line increases. The figure furthermore shows that the maximum traverse force is generated for a cone angle (i.e. angle between the normal of the solar sail and the Sun-sail line) of 31.65 deg, which is slightly smaller than for an ideal sail, for which the cone angle to obtain the maximum traverse force is 35.26 deg. In mathematical form:
Both fits are generated using the Matlab  Curve Fitting Toolbox, which allows a maximum order of 9. This corresponds to a total of 300 coefficients: 10 coefficients in Eq. (9) for each of the 10 coefficients in Eq. (8) and multiplied by 3 to separately describe the force coefficient in x Sail -, y Sail -, and z Sail -direction. The values for each of these 300 coefficients are the output of the Curve Fitting Toolbox. Figure 3 shows the result as colored surfaces (in plots a, c, e) as well as the absolute error between the data points (black dots) and the fit (in plots b, d, f). The error is at most one order of magnitude smaller than the absolute value of the force coefficients, but is generally much smaller. Note that, to verify the correctness and accuracy of the polynomial fit to the Sunjammer data set, all results in this paper have also been generated using a simple linear interpolation of the data set. It appeared that very similar trajectories in terms of trajectory and control profile could be obtained for both the fly-out and the extended mission concepts. However, from a computational effort, the polynomial fit performed much better as the sail acceleration can be obtained analytically rather than through an interpolation scheme.
Finally, also note that a 3D-fit in the form
would require a significant smaller amount of coefficients (63 instead of 300). However, the accuracy of the fit in terms of absolute error with respect to the actual data appeared to be very poor and significantly overestimated the required time of flights for each of the trajectories considered in this paper.
IV. Solar Sailing in the Three-Body Problem
The majority of the analyses for the Sunjammer mission are conducted in the well-known Sun-Earth circular restricted three-body problem (CR3BP). In the circular restricted three-body problem (CR3BP), the motion of an infinitely small mass, m , (i.e. the solar sail spacecraft), is described under the influence of the gravitational American Institute of Aeronautics and Astronautics 9 attraction of two much larger primary masses, 1 m (the Sun) and 2 m (the Earth). The gravitational influence of the small mass on the larger masses is neglected and the larger masses are assumed to move in circular orbits about their common center-of-mass. Figure 5 shows the reference frame that is employed in the CR3BP: the origin coincides with the center-of-mass of the system, the x-axis connects the larger masses and points in the direction of the smaller of the two, 2 m , while the z-axis is directed perpendicular to the plane in which the two larger masses move. The yaxis completes the right handed reference frame. Finally, the frame rotates at constant angular velocity,  , about the z -axis,   z . Note that the x-, y-and z-axes in Figure 5 correspond to the x CR3BP -, y CR3BP -and z CR3BP -axes in Figure 2b .   , and so one year is represented by 2 . In this reference system, the motion of the solar sail is described by: 
The new set of equations of motion then becomes:
The only term still to be defined is the solar sail acceleration, s a .
A. Ideal sail model
For an ideal solar sail, the acceleration as given in Eq. (1), can simply be rewritten as:
B. Real sail model
For the real solar sail model, the acceleration can be obtained from the polynomial fit as described in Section III.B. Since that acceleration is given in the 'Sail' coordinate system, two transformations are required: first from the 'Sail' to the 'Sun' coordinate system using Eq. (3) and subsequently from the 'Sun' to the CR3BP coordinate system. A vector in the 'Sun' reference frame, Sun x , can be transformed to a vector in the CR3BP reference frame, CR3BP x , using: 
and the angles  and  as defined in Figure 2b :
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V. Artificial Equilibrium Points and Solar Sail Halo Orbits
With the dynamics of the solar sail known in the Sun-Earth three-body system, the artificial equilibrium points (AEPs) and solar sail Halo orbits attainable by Sunjammer can be computed. Note that both are obtained for an ideal solar sail performance only. Maintaining the real Sunjammer sail on these AEPs or Halo orbits would therefore require some form of orbit control, which is considered beyond the scope of this paper but will be considered in future investigations.
A. Artificial Equilibrium Points (AEPs)
Artificial equilibrium points where the sail can remain stationary within the Sun-Earth three-body system can be derived from Eq. (14) by finding equilibrium solutions, i.e. setting  r r 0 . The required solar sail lightness number to maintain such an AEP can be obtained following the analysis in Reference [7] :
The required sail lightness number is thus only a function of the position within the CR3BP reference frame.
Therefore, contours can be drawn in the CR3BP reference frame for constant lightness number. These contours (projected on the   , xy-plane and   , xz -plane) are provided in Figure 6 . Note that the grey areas in Figure 6 indicate regions in which no equilibrium solutions exist for the solar sail as these regions would require an acceleration with a component in the direction of the Sun, which the solar sail is unable to generate. Furthermore, by setting Eq. (19) equal to Sunjammer's lightness numbers (see Section III), the equilibrium solutions presented with the white solid line can be obtained. These are the AEPs accessible by Sunjammer.
The yellow cone in Figure 6 indicates the solar exclusion zone: it is well-known that to prevent solar radio interference during communications, the satellite should be located outside the solar exclusion zone when stationed along the Sun-Earth line. In this report, this solar exclusion zone is defined through the Sun-Earth-spacecraft angle, which should have a minimum value of 5 deg [10] . Therefore, rather than being located at the true sub-L 1 point (indicated by an open marker in Figure 6 ), the artificial equilibrium point targeted by Sunjammer in this paper is defined as the AEP in the ecliptic plane, along the   0.0363 contour and on the edge of the 5 deg solar exclusion zone. Furthermore, the AEP trailing the Earth is selected, as this will enable a slightly better view on the side of the Sun from which space weather events originate. The coordinates of both the true sub-L 1 point and the targeted sub-L 1 AEP are provided in Table 1 .
As Sunjammer will be located a factor 1.6 farther from the Earth than the classical L 1 point, it can establish a similar increase in the warning time for space weather events compared to existing infrastructure at L 1 .
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B. Solar Sail Halo Orbits
Rather than being stationary at the targeted sub-L 1 AEP, Sunjammer could also be inserted into a solar sail Halo orbit that orbits around the solar exclusion zone. The generation of solar sail Halo orbits around AEPs has been investigated before, see References [11] and [4] . Here, the same approach is adopted, which starts by fixing the attitude of the sail to the one of the true sub-L 1 point, i.e.
 
Furthermore, the equations of motion in Eq. (11) are approximated in the neighborhood of the true sub-L 1 point by linearization and expanding the effective potential and solar sail acceleration terms to third order with a Taylor series. Subsequently, the Lindstedt-Poincaré method is used to find the third order solution to this approximated dynamical system. Details on the method can be found in Reference [11] .
Since the resulting solar sail Halo orbits are only periodic approximations to the solutions of the full nonlinear system, the orbit quickly diverges when integrating its initial conditions through Eq. (11). A differential correction scheme, see Reference [12] , is therefore employed to correct the initial conditions and find true solar sail Halo orbits.
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Finally, by starting with small-amplitude solar sail Halo orbits, a continuation scheme is used to increase the outof-plane amplitude of the orbit up to the point that it fits around the solar exclusion zone. The resulting solar sail displaced Halo orbit is given in Figure 7 . 
VI. GTO Fly-Out
In order to assess the accessibility of the sub-L 1 region from Earth, this section finds optimal transfers from GTO to either the targeted sub-L 1 AEP (see Table 1 ) or the solar sail Halo orbit of Figure 7 . The section will start with a description of the transfer model, followed by the optimal control problem to be solved and ends with the results.
A. Transfer model
For the preliminary analysis considered in this paper, it is assumed that the solar sail is launched towards the sub-L 1 region from a midnight GTO using the upper-stage of a Falcon 9 launcher. This means that perigee of the GTO is located on the night-side of the Earth, i.e. behind the Earth along the Sun-Earth line. Using the inertial reference frame as depicted in Figure 8 , the Keplerian elements of the GTO can be defined as in Table 2 (keeping in mind that the time, t , is the time during the year measured from winter solstice and in dimensionless form such that 1 year corresponds to 2 ). 
 
The model further divides the transfer into a near-Earth two-body ballistic phase and an interplanetary CR3BP solar sail phase, see Figure 9 . 
CR3BP solar sail phase
The motion of the solar sail during this phase of the transfer is described by the equations of motion given in Eq. (11), i.e. the motion is described in the CR3BP including the use of the solar sail. The end point of this phase should coincide with either the targeted sub-L 1 AEP or any point along the solar sail Halo orbit. The initial statevector should be close to the Earth and should be linkable to the GTO through a ballistic two-body arc.
Two-body ballistic phase
By transforming the initial state-vector of the CR3BP solar sail phase from the CR3BP reference frame of Figure 5 to the inertial frame in Figure 8 , the CR3BP solar sail phase is linked to the two-body ballistic phase. This transformation can thus be interpreted as a switch between the three-body and two-body problems at the initial state- While minimizing the objective function in Eq. (21), the dynamics of the system have to be satisfied (i.e. Eq. (11)) as well as a set of constraints, including event constraints, bounds on the states and time, and path constraints.
Event constraints need to be imposed on both the initial and the final state-vector. Concerning the constraints on the initial-state vector, these should ensure that the position of the perigee of the Keplerian orbit corresponding to the initial-state vector coincides with the position of the GTO perigee:
Then, to ensure a midnight launch, constraints on the right ascension of the ascending node and the argument of perigee of this Keplerian orbit should also be imposed (see also an additional static optimisation parameter is added to the optimal control problem, 0
Halo Halo q P  , which is used to interpolate the state matrix at f x and optimizes the location along the Halo orbit where Sunjammer is inserted.
Finally, for the ideal solar sail case, a set of two path constraints have to be considered:
where the first path constraint ensures that the norm of the solar sail normal vector equals unity and the second path constraint prevents the use of a solar sail component in the direction of the Sun, which the solar sail is unable to generate. Note that for the real sail model, the latter is taken into account by suitable bounds on the SunIncidence angle.
The optimal control problem is solved with PSOPT [13] , which is a particular implementation of a direct pseudospectral method in C++. In order to initialize the optimization, the initial guess is assumed to be a Hohmann transfer from perigee of the GTO to the sub-L 1 region. Clearly, this initial guess has errors mainly due to neglecting third body perturbations from the Sun, but it appeared to provide a stable optimization and quick convergence within PSOPT.
C. Results
The results for the optimal fly-out from GTO to either the targeted sub-L 1 AEP or the solar sail Halo orbit is provided in Table 2 and Figure 10 to Figure 12 . Figure 10 and Figure 11 show the ballistic phase of the trajectory in grey and the solar sail arc in blue (ideal solar sail) or green (real solar sail), where the arrows indicate the direction of the solar sail acceleration. The optimal fly-outs to the targeted sub-L 1 AEP take place almost entirely in the ecliptic plane, while the optimal fly-outs to the solar sail Halo orbit contain some out-of-plane motion. Furthermore, plots c and f show that the constraint on the midnight launch is satisfied.
Referring to Table 3 and considering that the velocity at perigee of GTO is 10.237 km/s (while the local escape velocity is 11.007 km/s), it becomes clear from the values for GTO V  that the Falcon 9 upper stage has to launch the solar sail almost to escape conditions. Table 3 Optimized GTO fly-out to the targeted sub-L 1 AEP (see Table 1 ) and solar sail Halo orbit (see Of most interest is the comparison between the ideal and real solar sail performances. Figure 10 to Figure 12 demonstrate that the transfer and control profiles for both solar sail models are very similar: the solar sail is injected into a very high elliptic orbit and starts to lead the Earth in its orbit around the Sun. The sail is then deployed and is used to move back towards the Sun-Earth line to finally arrive at either the sub-L 1 AEP or solar sail Halo orbit. The main difference lies in the fact that the trajectory for the real sail performance extends farther from the Sun-Earth line than the trajectory for the ideal sail performance. Furthermore, when looking at the values in Table 3 
VII. Extended Mission Concepts
At the end of the mission, when all mission objectives have been achieved, a unique opportunity arises to use the Sunjammer sail to demonstrate and underpin some of the solar sail concepts and applications proposed in the literature. These concepts include, among others, the use of solar sails to maintain artificial equilibria above the ecliptic for high-latitude Earth observation and communications, see e.g. References [3] and [14] . Transferring the Inspecting the white contours in Figure 6 that represent AEPs accessible with Sunjammer, the following AEPs can be identified as being of particular interest, see Figure 13 :
− North AEP (blue cross): the AEP with the maximum achievable out-of-plane displacement above the ecliptic, which can enable high-latitude telecommunications and Earth observations. [3, 15] The actual out-of-ecliptic displacement that can be achieved from this AEP in terms of spacecraft-Earth-Sun angle is 28°.
− South AEP (green square, coincides with the blue cross in the   , xy-projection in Figure 13a ): equivalent to the North AEP but below the ecliptic. 
A. Optimal control problem
The objective now is to minimize the time of flight in each leg of the tour described in the previous section. This requires the solution to a set of optimal control problems. However, the definition of these optimal control problems is very similar to the optimal control problem for the fly-out to the targeted sub- Table 4 (with zero velocity components).
Initial guesses for PSOPT are, where possible, chosen to follow the contours of the equilibrium surfaces and the control vector along such an initial guess trajectory is assumed to be the sail normal vector as if each point along the trajectory were an instantaneous AEP. In general, such an initial guess allowed for a smooth optimization process and quick convergence to the optimal solution.
B. Results
The results in terms of the minimized time of flight for each leg of the tour along the AEPs are summarised in Table 5 -Almost all transfers are smooth both in transfer and control profiles and for some transfers (e.g. the North to South transfer) only very limited steering effort is required from the sail. Other transfers, such as the Parker Spiral AEP to L 2 -region AEP require a more demanding trajectory and steering profile.
-When comparing the transfer and control profiles for the ideal and real sail models, it can be concluded that both produce very similar results. However, as expected, the non-ideal properties of the real Sunjammer sail introduce a penalty on the time of flight of 2.4 -7.3%. The increase in the total time of flight (i.e. of the entire tour) is 5.5%.
-The North AEP to South AEP transfer requires a transfer time of approximately a quarter of a year, which allows observing the northern and southern hemispheres of the Earth during their respective summers of the same year.
-Finally, the control profiles in Figure 15a and c confirm the observation made for the fly-out trajectories in Section VI.C that the FlatSpin angle has a very limited effect on the solar sail acceleration as it is again close to zero. 
Conclusions
This paper has provided a preliminary mission analysis for NASA's Sunjammer solar sail mission, including the selection of accessible artificial equilibrium points (AEPs), solar sail Halo orbits around the true sub-L 1 point, optimal transfers from GTO to the sub-L 1 region and finally a range of potentially interesting extended mission concepts. From the targeted sub-L 1 AEP or solar sail Halo orbit established in this paper, Sunjammer can increase the warning time for space weather events by a factor 1.6 compared to existing infrastructure at the classical L 1 point.
All transfers have been designed for both an ideal sail performance and Sunjammer's real performance, where it was shown that the real solar sail data can be accurately represented with a 9 th order polynomial fit, allowing a quick computation of the sail performance for any sail attitude.
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Targeting either a sub-L 1 AEP or a solar sail Halo orbit (both of which lie around a 5 deg solar exclusion zone to ensure undisturbed communications with Earth), the optimal fly-out from a Falcon 9 midnight GTO takes 191 or 132 days, respectively, for an ideal sail model. The real Sunjammer sail performance introduces a penalty of 7.9% on this time of flight. Furthermore, for either sail model, the upper stage of the Falcon 9 has to launch the spacecraft from GTO's perigee to almost escape conditions.
The extended mission concepts consider a tour along a set of AEPs to underpin a range of solar sail applications. 
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